including some embryos with a robo-like phenotype ( Figure 2B ; Gertler et al., 1995) . The behavior of individual with the 2D5 antibody shows that the RP1 axon does (B) Summary of different genotypes affecting ventral nerve cord not cross the midline but instead projects appropriately formation. comm; robo double mutants and comm overexpression on the ipsilateral side (Elkins et al., 1990) . Further experimutants phenocopy robo, while abl; fas I double mutants resemble ments with specific reagents should reveal whether abl, comm. abl; dab double mutants affect both commissures and longitudinals, and in ena mutants, commissures are thickened at the dab, ena, and fas I act to control midline crossing in expense of longitudinals.
general.
Midline crossing mutants have recently been identified in other species. A Caenorhabditis elegans screen also in commissural axons. This suggested that these for nerve ring defects has been performed using a axons pick up and internalize Comm as they cross the transgenic line that expresses GFP in a subset of neumidline glial cells, perhaps as part of a signaling mecharons. One of the resulting genes, sax-3, controls midline nism, but left open several questions, especially those crossing as well as ventral-directed axon navigation pertaining to the interaction with robo. (Zallen et al., 1998) . Although the worm nervous system robo and sax-3 have now been molecularly cloned, is asymmetric, it is still bilateral (Figure 3) , and its simas described in two current papers in Cell (Kidd et al., plicity makes it possible to follow individual axons using 1998b; Zallen et al., 1998) . They are revealed to have either anti-serotonin antibodies or GFP transgenes. In sax-3 (for sensory axon defect) mutants, axons from several identified neurons fail to reach the ventral nerve cord, cross the midline aberrantly, or cross more than once (Figure 3 ; Zallen et al., 1998) . Finally, a large-scale zebrafish screen has found mutants defective in left/ right motor coordination (Granato et al., 1996) , some of which may prove to be defects in midline guidance, as well as mutants in which retinotectal axons either fail to cross the midline or cross more than once (Karlstrom et al., 1996) . Cloning of comm, robo, and sax-3 Several years ago, the comm gene was cloned and an antibody generated (Tear et al., 1996) . Comm is a membrane protein without significant similarity to known molecules. No homolog has been detected in the ‫%08ف‬ of to signal axons approaching the midline; surprisingly, mistakes as they pathfind ventrally to the nerve cord (e.g., the route shown for HSNR in the mutant).
the protein is found not only in the midline glial cells but (Both also show ectodermal and muscle expression, whose function is as yet unknown.) Robo protein is expressed at high levels on longitudinal tracts and low levels on commissures and cell bodies. Immuno-EM shows that Robo is particularly abundant on growth cones and filopodia, and using serial EM sections, it could be seen that a single axon expressed low levels of Robo while in a commissure and then high levels once it turned onto a longitudinal tract (Kidd et al., 1998b) . Transgenic rescue of the original mutant phenotypes confirms that the correct genes have been cloned. Furthermore, expression of Robo driven by the ftz ng -GAL4 element, specific to a subset of CNS neurons, is sufficient to rescue the axons of several identified neurons. Temperature-shift experiments with a temperature-sensitive allele of sax-3 show that SAX-3 is required at roughly the time that axons are growing out. Thus, the that affect axon fasciculation (Kidd et al., 1998b; Zallen et al., 1998) . However, a definitive answer to this quessimilar structures and are likely to be homologs of each tion awaits molecular characterization of the Robo liother (Figure 4 ). Both are transmembrane molecules gand and determination of its distribution. with an extracellular domain comprising five immunoWhat regulates the spatial distribution of Robo? Surglobulin repeats and three fibronectin repeats and an prisingly, the CNS looks wild-type in embryos in which intracellular domain with no obvious catalytic functions.
Robo is overexpressed. Staining with the Robo antibody This 5 ϩ 3 domain structure is so far rare; the only reveals why: Robo is present at high levels, but its spatial previously described protein with this structure is rat distribution is so tightly regulated that there is still very CDO (from CAM-related/down-regulated by oncogenes), a little protein on the commissures. From the previous cell surface glycoprotein isolated from a transformationgenetic evidence (the comm; robo double mutant pheresistant cell line (Kang et al., 1997) . Together with CDO, notype), comm was an obvious candidate to regulate Robo and SAX-3 thus form a new subfamily of the immuRobo distribution, and this is confirmed by the results noglobulin superfamily. Searches of the databases and of misexpression experiments. In some comm hypocDNA libraries yielded four more family members: a secmorphs, there is more Robo on the commissures than ond fly gene, D-Robo2; a rat gene, R-Robo1; and two usual, and when Comm is overexpressed pan-neurally, human genes, H-robo1/DUTT1 and H-robo2 (Kidd et al., Robo is drastically down-regulated everywhere, and a 1998b). Comparison of the intracellular domains rerobo-like phenotype results (Kidd et al., 1998a) . The vealed three conserved motifs: one potential tyrosine simplest model is that Comm locally regulates Robo phosphorylation site and two proline-rich domains that levels (perhaps by causing Robo to be cointernalized?), are potential protein binding sites (Figure 4 ; Kidd et thus regulating its function. Comm from the midline glia al., 1998b). Intriguingly, one of the proline-rich domains could locally down-regulate Robo on decussating axons contains the sequence LPPPP, which matches a peptide to let them cross the midline; once they crossed, Robo that is bound by the mouse Ena homolog (Niebuhr et levels would rise again and keep the axons from recrossal., 1997). The structures of D-Robo1 and Sax-3 are thus ing. So far it has been difficult to reexpress Comm locally consistent with a function as axon guidance receptors at the midline (Kidd et al., 1998a) , but this should be that signal through proteins bound to their intracellular possible using FLP constructs to generate mosaics. One domains.
can imagine testing this hypothesis at the single-cell Complementary expression and functional studies of level by, for instance, reexpressing Comm in a few mid-D-Robo1 and Sax-3 convincingly implicate them as axon line glia and an epitope-tagged Robo in a few neurons guidance receptors (Kidd et al., 1998b; Zallen et al., in a comm background, and seeing if Robo levels were 1998). An antibody against Robo and a sax3::GFP fusion only reduced at points of apposition to the Commtransgene show that they are expressed in the right neurons at the right times to control midline guidance.
expressing cells.
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Future Directions
Walter, U., Gertler, F.B., Wehland, J., and Chakraborty, T. (1997) .
What functions do the other Robo family members play? EMBO J. 16, [5433] [5434] [5435] [5436] [5437] [5438] [5439] [5440] [5441] [5442] [5443] [5444] The expression pattern of R-Robo1 mRNA in the spinal Seeger, M., Tear, G., Ferres, M.D., and Goodman, C.S. (1993) . Neucord is consistent with expression in the commissural ron 10, 409-426. neurons (as well as other cells; Kidd et al., 1998a) . The
Stoeckli, E.T., Sonderegger, P., Pollerberg, G.E., and Landmesser, obvious hypothesis is that R-Robo1 acts as a crossing L.T. (1997) . Neuron 18, [209] [210] [211] [212] [213] [214] [215] [216] [217] [218] [219] [220] [221] signal receptor for the commissural axons. Its activity Tear, G., Harris, R., Sutaria, S., Kilomanski, K., Goodman, C.S., and might be modulated by an R-Comm, but it is also possi- Seeger, M.A. (1996) , it seems more likely that the Robo ligand will be a cell surface molecule. None of the mutants from the original screen is an obvious candidate, but perhaps the ligand can be found with a biochemical approach. On the downstream side, there are obvious candidates for signaling partners. Given both the known CNS phenotypes and the intracellular motifs conserved among the Robo homologs, it is likely that abl, dab, and ena will play roles in Robo signaling.
Finally, the cell biology of Robo signaling promises to be fascinating. How does Robo control the direction of the growth cone? How is Comm taken up by the commissural axons, and how is Robo really localized? Is this part of a general mechanism for localizing proteins to different axonal domains? Answering these questions will help us to understand not just how the growth cone crosses the midline, but how it remembers that it has done so.
